The attachment of antibodies onto polyaniline nanofibres using covalent chemistry was investigated for the first time. Polyaniline nanofibres were functionalised post-polymerisation to attach either amide or carboxylic acid side-groups. These templates could then be further modified to attach antibodies, specifically in this instance mouse immunoglobulin G (IgG). The resultant conjugates were characterised using a variety of techniques including infrared, UVvisible and Raman spectroscopy. Conjugates were then used to detect secondary antibodies (anti- 
Introduction
Conducting polymers combine the advantages of polymers (being lightweight, inexpensive and easily processed) with the ability to transport charge [1] . Their unique combination of physical, optical and electrical properties, has led to considerable interest in their use as platforms for a wide variety of applications. Examples of conducting polymers used in applications encompassing electrochromic devices, printable electronics and photochromics include polythiophene, polypyrrole and polyaniline [2, 3, 4] . Polyaniline (PAni) has been previously used as a mediator in biosensor applications, due to its inherent electro-activity, favourable charge storage stability and ease of preparation [5, 6, 7] . Interfacing biomolecules with conducting polymers is a logical step in order to accomplish bio-composite materials which can be used for controlling stimuli-responsive actions involved in drug release, bio-feedback devices, neural implants and artificial muscles [8] .
Nanodimensional PAni can be readily prepared, exhibiting markedly improved properties from those of the bulk materials, including increased surface area and sharp switching [9] . The properties unique to one dimensional nanostructures such as nanowires, nanotubes and nanofibres have been the focus of much research, partly due to the promise associated with nanoscale devices for sensors and electronics. For example Virji et al. [9] howed how PAni nanofibre films have far superior performance in both sensor sensitivity and response time in comparison to their bulk counterparts. This is due to faster gas diffusion, enabled by the porous high-surface area nanofibrillar film structure.
Recently, monolithic microstructures from nanofibers of PAni have been reported [10] . Since the porous properties of monolithic polymers can be easily tuned, monolithic capillary columns have encountered wide interest for applications in capillary electrochromatography, for example functionalised monoliths have been used in protein analysis [11] . Using a capillary coated with polyaniline achieved the separation of the end products of glycosylation [12] . Relative to packed columns, monoliths have the advantages of preparation simplicity and availability for surface modification [13, 14] . The large surface area of monolithic beds enables a relatively high sample loading capacity. The attachment of proteins to affinity columns have seen use in immunopurification, [15] and the detection of selected analytes by chromatographic immunoassays [16] .
The attachment of biomolecules to conducting polymer nanostructures means that bio-active functionalities are anchored to a redox active nano-dimensional system. The nanostructured form of PAni offers a very large surface-to-volume ratio thus facilitating the immobilisation of a greater number of biomolecules, and an enhancement of sensor sensitivity and response times [9, 17] . One of the most common methods for immobilising biomolecules onto surfaces achieved either physically or by electrochemical techniques, is adsorption [18] . The latter is achieved by applying a potential to the electrode surface, which enhances electrostatic interactions and therefore immobilisation [10] . Using adsorption as the method of immobilisation however has the disadvantage that the biomolecule can easily desorb from the surface during use. Conversely, covalent attachment of biomolecules to nanomaterial surfaces ensures sufficient immobilisation without leaching of the biomolecule from the substrate surface during use [19] .
The authors have recently reported the successful post-synthesis functionalisation of PAni nanofibres with mercaptoundecanoic acid and cysteamine; thereby incorporating functional handles (COOH and NH 2 ) which allow for further derivatisation of the polymer [20, 21] . Post functionalisation, PAni maintains its nano-morphology and ability to switch optical, electrical and electrochemical properties in response to its immediate chemical environment. In this paper, we describe for the first time how PAni nanofibres modified with either carboxyl or amino terminated chains allow for a one step covalent derivatisation of the polymer with biomolecules (in particular we demonstrate the technique for antibodies). Biomolecule immobilisation onto electrode surfaces is of importance for the development of enzyme-catalysed biofuel cells, amperometric biosensors and other biotechnological applications. Here we report a 'generic' approach for immobilisation. PAni-antibody conjugates are of interest as they are low cost and easily scalable. The polyaniline serves as an immobilisation matrix and also plays an active role in transduction. Alternatively these materials could find application as solid phases in affinity monolithic micro-columns for protein separation. 2.2 Nanofibre Synthesis: Polyaniline nanofibres were synthesised, under ambient conditions, by interfacial polymerisation between an aqueous and an organic layer, as reported previously [20] .
The product was purified by centrifugation (4000 rpm/5 min/3 cycles) and suspended as a colloid in deionised water. Fibres were modified with mercaptoundecanoic acid (HS(CH 2 ) 10 COOH), mercaptopropionic acid (HS(CH 2 ) 2 COOH) or cysteamine (HS(CH 2 ) 2 NH 2 ), by refluxing at 100 °C for 2 hours in an aqueous pH 4 buffer. Four sets of fibres were functionalised; two with cysteamine (0.1 mmol and 0.3 mmol) and two with 0.1 mmol carboxyl groups with different spacer lengths (C 10 and C 2 ). All experiments were carried out under identical conditions using ~45 mg PAni. The product was purified by centrifugation (4000 rpm/5 min/3 cycles) and resuspended as a colloid in deionised water. 
Characterisation: Covalent bonding of side-chains to PAni nanofibres was investigated using
Fourier Transform infrared spectra (FTIR) recorded in transmission mode from 400 to 4000 cm -1 , for 100 repeat scans, with a resolution of 8 cm -1 and at 1 cm -1 intervals on a Perkin Elmer Spectrum GX FTIR. Samples were dried under vacuum at 50 °C for 4 hours prior to FTIR and then mixed with dried KBr. Dedoped samples were also analysed using solid state nuclear magnetic resonance (SSNMR). 13 C spectra were obtained using a Varian VNMRS spectrometer operating at 100.56 MHz for carbon, and spectra are referenced to tetramethylsilane. Thermal Gravimetric Analysis (TGA) decomposition curves were obtained using a Mettler-Toledo TGA/SDTA851. Samples were heated from 25-700 °C at 10 °C/minute under nitrogen.
Nanofibres were coated with 10 nm Au/Pd and imaged using field emission scanning electron microscopy (FESEM) at an accelerating voltage of 20 kV on a S-4300 Hitachi system. Raman spectroscopy was carried out on an Avalon 785 nm Raman spectrometer at 2 cm 
Results and Discussion

Preparation and Characterisation of Functionalised PAni Nanofibres
Polyaniline nanofibres were synthesised by interfacial polymerisation, whereby the aniline monomer was dissolved in toluene and the oxidant (ammonium persulfate) was dissolved in 1M hydrochloric acid. Polyaniline nanofibres form at the interface between these two solutions and precipitate into the aqueous layer where they can be collected and purified. These nanofibres were then surface modified with either carboxylic acid or amine groups (for details see Table 1 ).
The extent of this functionalisation could be controllably altered [21] . Covalent functionalisation was also verified using cross-polarization magic angle spinning solidstate nuclear magnetic resonance (SSNMR). The spectrum obtained for unmodified PAni is consistent with spectra in the literature [22] , and predominant Results obtained by thermal gravimetric analysis (TGA) are also consistent with nanofibre functionalisation. These reveal that PAni, PAni-C 10 COOH and PAni-NH 2 have different decomposition profiles (Figure 2 ). Unmodified polyaniline decomposes over a temperature range between 300 °C and 620 °C, while other decomposition peaks outside this temperature range can be attributed to trapped solvent/dopant in the material [21] . In contrast to this, functionalised nanofibres show two significant areas of decomposition. For PAni-C 10 COOH the peak centred at 504 °C is consistent with a PAni component, while the second peak at 196 °C is due to a modified PAni-C 10 COOH surface component (ca. 10 wt%). In the case of PAni-NH 2 B, decomposition peaks appear at 558 °C due to the PAni component, while the amide-modified surface component manifests at 184 °C (ca. 19wt%). These TGA results are in agreement with previously published data which shows that the degree of nanofibre functionalisation can be controlled for both PAni-COOH and PAni-NH 2 .
Antibody immobilisation
Covalent immobilisation of antibodies onto functionalised polyaniline (PAni) nanofibres was investigated and involved attachment of antibodies to both carboxyl and amino functionalised
PAni nanofibres (Pani-COOH and Pani-NH 2 respectively). To determine the effect of chain length on antibody immobilisation, carboxyl functionalised PAni nanofibres with two carbon (PAni-(CH 2 ) 2 -COOH), and ten carbon (PAni-(CH 2 ) 10 -COOH) spacer chains were examined. In the case of amine functionalised PAni nanofibres, two different concentrations of cysteamine were used to compare the effect of amino-group density with respect to antibody immobilisation (products from 0.1 mmol and 0.3 mmol cysteamine reactions are denoted Pani-C 2 NH 2 A and Pani-C 2 NH 2 B, respectively, see Table 1 ).
For the immobilisation, both types of PAni-COOH and PAni-NH 2 dispersions were mixed with the primary antibody, mouse immunoglobulin G (IgG), and the cross linker ethyl diaminocarbodiimide (EDC). A range of blocking agents were tested (ovalbumin, bovine serum albumin (BSA), Tween 20®, BSA/milk marvel (1:1), milk marvel, gelatin, Super Block®, KLH protein and soya milk) and the results indicate that milk marvel was the most effective blocking agent against non-specific binding (See figure 3 , supporting Information). Milk marvel therefore was used for all PAni samples tested. As future work will involve adaptation of this method for a sandwich immunoassay, an unlabelled antibody was immobilised onto the PAni nanofibres.
Characterisation of antibody conjugates
The nanofibre morphology of PAni can be verified using scanning electron microscopy (SEM).
Nanofibres synthesised by interfacial polymerisation have a uniform diameter distribution and a high surface area, thus making them ideal for use as a sensing platform. Post-functionalisation, the nanofibre morphology appears essentially unaffected. However, greater aggregation of the nanofibres is observed following antibody immobilisation, which results in an apparently less porous film structure ( Figure 3 ). This is analogous to functionalisation of PAni with carboxyl and amino groups, in that the degree of aggregation scales with the level of functionalisation [20] . Films do however maintain a high surface-to-volume ratio in comparison with bulk PAni.
The surface topography of the nanofibres appears altered suggesting that the attachment of biomolecules was successful.
Functionalisation affects the delocalised bonding along the PAni polymer backbone, and this can be monitored by analysing spectroscopic changes in the materials (in particular UV-vis and Raman spectra were examined). For UV-vis spectra, a polaron band at 450 nm with a free carrier tail above 600 nm indicates that PAni is in the doped (emeraldine salt, therefore conductive) state [23] . For a dedoped (emeraldine base, therefore non-conductive) state these bands disappear and a π-π * transition band at 341 nm dominates, with a band at 660cm -1 due to the quinoid fraction of the PAni backbone [24] . For unmodified PAni in an aqueous environment the material remains in the doped form ( Figure 4 ). However, with functionalised PAni-NH 2 and PAni-COOH in an aqueous environment, features of the dedoped state begin to emerge. This is due to the fact that functionalisation disrupts the delocalised π-system of chemical bonds along the PAni polymer backbone. For PAni-antibody conjugates, further dedoping of the material is observed due to the higher pH environment that the nanofibres are exposed to during conjugation. Aromatic amino acids associated with antibodies absorb strongly near 280 nm and a peak corresponding to this is clearly seen for all spectra of the PAni-antibody conjugates. Therefore UV-vis results suggest that antibody functionalisation was successful.
The dedoped state of PAni-antibody conjugates was also reflected in Raman spectra of the material ( Figure 4 , Supporting Information). Spectra of PAni in the doped conductive state have signature bands between 1300-1400 cm -1 , and these are present for PAni-NH 2 . Strong bands between 1400-1500 cm -1 reflect a transition to the dedoped state, and these emerge for the PAni- The electrochemical behaviour of antibody-functionalised PAni nanofibres deposited on GCEs was also studied by cyclic voltammetry in 0.2M KCl (pH 1, Figure 5 ). The presence of conjugated antibodies on the PAni nanofibres caused a shift in the peak potentials of the second redox pair to approximately +0.55 V. It is known that the second oxidation peak of polyaniline moves to a less positive potential with increasing pH. The shift to +0.55 V may be due to the presence of conjugated antibodies adjacent to polymer chains, changing the local chemical and hence electrochemical environment of the polymer.
Immobilisation of secondary antibodies
A secondary antibody, anti-mouse IgG labelled with HRP (derived from goat) was used in order to detect the presence of the immobilised primary antibody (Scheme 1). The secondary antibody was incubated with the primary antibody-modified PAni nanofibres. PAni nanofibre antibody conjugates (PAni-C 2 COOH, PAni-C 10 COOH, PAni-NH 2 A and PAni-NH 2 B) were assayed using the colorimetric tetramethylbenzidine (TMB) enzyme assay. The presence of antibodies on PAni nanofibre samples can be confirmed by the TMB assay results ( Figure 6 ). Levels of antibody functionalisation across samples appear broadly similar with the carboxyl functionalised nanofibres exhibiting the least non-specific binding (NSB). In antibody-based assays, the surface has to be treated to minimise non-specific adsorption. NSB controls the background response and often results in a detection limit that is much higher than that defined by the equilibrium constants for antibody-antigen binding events. NSB for the amine-functionalised nanofibres was reduced by increasing the level of nanofibre functionalisation, but not to the level of carboxyl functionalised PAni nanofibres.
Transmission electron microscopy (TEM) images of the PAni-antibody conjugates reveal that the morphology of the PAni nanofibres remains largely unaffected by the antibody conjugation process ( Figure 7 ). TEM imaging, however, is consistent with modification of nanofibre 
Conclusion
The covalent attachment of antibodies to conducting polymer nanofibres was successfully demonstrated. Attachment can be achieved using a controllable and relatively simple process, which can easily be scaled up for bulk production. Antibody conjugates can then be used to 
